One-lung intubation (OLI) is among the most common complications of endotracheal intubation. None of the monitoring tools now available has proved effective for its early detection. In this study we investigated the efficacy of acoustic analysis for the detection of OLI. We collected lung sounds from 11 patients undergoing thoracic surgery requiring the placement of a double-lumen tube. Recordings of separate lung ventilation were performed after induction and confirmation of adequate tube positioning, before surgery. Samples of lung sounds were collected by three piezoelectric microphones, one on each side of the chest and one on the right forearm, for background noise sampling. The samples were filtered, the signals' energy envelopes were calculated, and segmentation to breath and rest periods was performed. Each respiration was classified into one of the three categories: bilateral ventilation, selective right-lung ventilation, or selective leftlung ventilation, on the basis of the ratio between the energy signals of each lung. OLI was accurately identified in 10 of the 11 patients during right OLI and in all 11 patients during left OLI. This study suggests that acoustic monitoring is effective for the detection of selective lung ventilation and may be useful for early diagnosis of OLI.
One-lung intubation (OLI) is among the most common complications of endotracheal intubation. None of the monitoring tools now available has proved effective for its early detection. In this study we investigated the efficacy of acoustic analysis for the detection of OLI. We collected lung sounds from 11 patients undergoing thoracic surgery requiring the placement of a double-lumen tube. Recordings of separate lung ventilation were performed after induction and confirmation of adequate tube positioning, before surgery. Samples of lung sounds were collected by three piezoelectric microphones, one on each side of the chest and one on the right forearm, for background noise sampling. The samples were filtered, the signals' energy envelopes were calculated, and segmentation to breath and rest periods was performed. Each respiration was classified into one of the three categories: bilateral ventilation, selective right-lung ventilation, or selective leftlung ventilation, on the basis of the ratio between the energy signals of each lung. OLI was accurately identified in 10 of the 11 patients during right OLI and in all 11 patients during left OLI. This study suggests that acoustic monitoring is effective for the detection of selective lung ventilation and may be useful for early diagnosis of OLI. Inadvert ent endobronchial intubation or one-lung intubation (OLI) was reported as the most common complication of endotracheal intubation by the Australian Incident Monitoring Study Analysis (1). It accounted for 79 of the 189 reported incidents. OLI is particularly common during pediatric anesthesia and laparoscopic surgery (2, 3) and may lead to serious complications, such as atelectasis of the nonventilated lung, pneumothorax, hypoxemia, cardiac arrhythmias, and hypotension (4) . None of the techniques used to monitor intubated patients has proved reliable for the early detection of OLI before the appearance of clinical signs.
Auscultation of breath sounds, used in daily practice to confirm the correct positioning of the endotracheal tube in the operating room or in the intensive care unit, was found to be inaccurate for the detection of OLI (5-7), with an unacceptably high margin of error that can reach up to 60% (4). Pulse oxymetry for oxygen saturation monitoring is considered a good method for OLI detection (8, 9) . The Australian Incident Monitoring Analysis reported that pulse oxymetry was used to detect 87% of the OLI incidents. But oxymetry results have a latency of 2-5 min, becoming apparent only after the patient becomes hypoxemic, without providing any indication as to the reason of the hypoxemia (1). Capnography was suggested in the past, but has proved to be a poor method to identify OLI (10, 11) .
New techniques for ventilation monitoring are being developed and studied (12, 13) . The Video Stethoscope was reported once as a method for assuring continuous bilateral lung ventilation (12) and online spirometry has been studied and reported to have several limitations (14) . Acoustic reflectometry, a method based on an areadistance profile used to distinguish between tracheal and esophageal intubations (15) , was found to be useful in the detection of OLI in a patient undergoing laparoscopic surgery (16) , but no further validation of this method has been provided.
A preliminary study by Sod-Moriah et al. (17, 18 ) demonstrated that noninvasive monitoring of lung sounds by placement of a microphone on each side of the chest was useful for the monitoring of differential lung ventilation in dogs, detecting 89% of the cases with selective right (Rt) OLI and 90% of the cases with selective left (Lt) OLI (19, 20) . These encouraging results lead us to try this monitoring technique on human patients. To sample selective OLI, we sampled patients intubated for general anesthesia with a doublelumen tube. This ventilation technique enabled us to obtain lung sounds during only Rt, only Lt, and bilateral-lung ventilation by clamping one side of the tube and ventilating the other.
The aim of the present study was to validate the accuracy of an acoustic sensor device for the detection of selective OLI in human patients ventilated with a double-lumen endotracheal tube.
METHODS
This pilot study was approved by the ethics committee of the Soroka Medical Center, Ben-Gurion University of the Negev, Beer-Sheva, Israel.
Patients
Eleven adult surgical patients, ASA I-II, were included in this study and informed consent was received from all. The study patients were all scheduled for a surgical lung procedure requiring the insertion of a double-lumen endotracheal tube. The tube used in this trial was a Rü sch double-lumen tube, with the endobronchial tube positioned in the Lt bronchus.
The Sampling System
The sampling system consisted of three Tommyscope acoustic sensors (Innovative Medical Equipment, KOL Medical, Ramat-Gan, Israel), an amplifier, an antialiasing filter, and a laptop computer which was equipped with an A/D converter. For safety reasons, rechargeable batteries were used for the amplifier and the computer. The Tommyscope sensors are piezoelectric microphones with an internal low pass filter which suits the spectral range of the breathing sound signal. The amplifier has a controlled gain for each channel and the laptop computer is equipped with a Keithley A/D converter with a 12-bit resolution.
Technique
Before anesthesia three Tommyscope acoustic sensors were attached to each patient. Two microphones were placed on the chest, in the mid-clavicular line (one on each side of the chest) and a third microphone was placed on the right forearm to sample the background noise. A double-lumen tube was placed in position after induction of anesthesia. The correct positioning of the endobronchial tube in the Lt main bronchus was confirmed with a fiberoptic bronchoscope. After anchoring the tube to the patient and inflating both Lt bronchial and mainstem balloons, sets of lung sounds were obtained sequentially from each patient in the following order: bilateral-lung ventilation, Lt lung ventilation only, and Rt lung ventilation only. Unilateral ventilation was achieved by clamping one side of the double-lumen tube and ventilating the contralateral side (OLI). No clamping was performed during bilateral-lung ventilation. Although all the patients were recorded in the same order, (Lt, Rt, and bilateral), for each patient a different protocol was given, in which a different number of respirations from each side was designed. The recordings were completed before the commencement of surgery and did not interfere with the surgical procedure.
Signal Preprocessing
The recorded sound signals were preamplified through a 1.6 kHz antialiasing filter and sampled at 4.0 kHz using 12-bit A/D. Processing of the sampled signal was performed using the MATLAB software (Mathworks, Natick, MA). The signals were first down sampled to 1.0 kHz and then filtered using a 14 order IIR Chebyshev band pass filter in the range of 125-200 Hz to reduce the background noise and the interference of heart sounds. The filtered signals were divided into 20-ms segments and for each segment the energy was calculated to obtain the signals' energy envelope. On the basis of the energy envelopes, segmentation of the lung sounds to breath and rest periods was performed. The signal of the background noise sampled by the microphone placed on the right forearm was not used in the current implementation because of the relatively high signal-to-noise ratio of the recorded lung sound signals and adequate noise filtration by the Tommyscope sensors and the band pass filter.
Signal Processing and Breath Classification
For identification of the ventilation status of each patient, we used an algorithm which is based on the assumption that the mutual interference between the two lungs is relatively small, and that each microphone represents the sound of its ipsilateral lung. This algorithm classifies the lung sounds into three classes: tracheal or bilateral ventilation (Tr), selective Lt lung ventilation (Lt OLI), or selective Rt lung ventilation (Rt OLI). The classification is done by calculating the ratio of the energy envelopes of every breath, E L /E R (the Lt energy envelope divided by the Rt energy envelope). A ratio above the higher threshold indicates Lt OLI, a ratio below the lower threshold indicates Rt OLI, and all the energy ratios between the two thresholds indicate bilateral ventilation. It should be noted that the comparison of energy envelopes is a strategy often used in pattern recognition problems (21) . Since the database was small and each sample had a significant impact on the algorithm's basic threshold template, to increase the resolution and the reliability of this trial we used the leave-one-out method. Using this method, for each patient the energy ratios of the sampled lung sounds were compared to a threshold template calculated from the samples of the other 10 patients, which served as a reference database. This process was repeated 11 times, for each patient separately so that the tested data would not have any influence on the algorithm. The basic threshold template reported here is the mean of all experiments from which the energy ratios were set. This template reveals that the higher and lower thresholds are 11 and 0.3 respectively-an asymmetry between the Rt and the Lt lung sounds which has been described by Cohen and co-workers (17) (18) (19) (20) (21) (22) .
It should be mentioned that signal processing was performed by an electrical engineer who was not present in the operating room during anesthesia and surgery, and was blinded to the true ventilation protocol of each data sample. The results of the classification calculated by the computer were compared with the true ventilation status protocol only at the end of the trial.
RESULTS
After induction of anesthesia and fiberoptic positioning of the double-lumen tube, each patient was sampled during Tr-lung ventilation, Lt-lung ventilation, and Rt-lung ventilation. All the samples were filtered and processed. An example of the filtration needed for the sampled sounds is shown in Figure 1 . Lt OLI was correctly identified in all 11 patients, but Rt OLI was correctly diagnosed in only 10 of 11 patients. In the remaining patient the classification algorithm indicated a bilateral-lung ventilation status during Rt OLI. This false negative result is shown in Figure 3 . In this case, the first breath is bilateral ventilation. After this, the Rt tube was clamped and for 35 s only the Lt lung was ventilated, after which the Rt tube was unclamped and the Lt tube was clamped so that only the Rt lung was ventilated. In boxes a and b the filtered sound samples are presented and in boxes c and d the calculated energy envelopes of the sampled sounds are presented. Between these boxes the computerized recognition of the ventilation status is designated. In this trial, the classification algorithm incorrectly indicated bilateral lung ventilation during Rt OLI, 40 s after the trial began. Table 1 shows a confusion matrix of the results of the classification algorithm compared to the experimental protocol. The overall sensitivity of the system was 32 correct readings of 33 samples, or 97%, which represents the positive predictive value for this algorithm. There was 100% recognition of Lt OLI (11 correct readings of 11), for a sensitivity of 100%, whereas, the recognition rate for Rt OLI was 92% (10 correct readings of 11 samples), for a sensitivity of 90%.
DISCUSSION
Intubation of either of the main bronchi is a complication of endotracheal anesthesia (1) . Auscultation, which relies upon the same signals processed in this work, has been shown repeatedly to be an unreliable technique for detection of proper bilateral ventilation (4 -7) . Despite this, Sod Moriah et al. (18) showed an 89% recognition rate of Rt OLI and 90% recognition rate of Lt OLI using an algorithm based on lung sound analysis in a preliminary study of anesthetized dogs. On the basis of their findings, we used an acoustic technique to sample lung sounds from human patients undergoing surgical procedures which required the insertion of a double-lumen tube, and which enabled us to sample each patient for Rt OLI, Lt OLI, and bilateral-lung ventilation.
The analysis of the lung sounds, using an algorithm which assumes that each microphone samples its ipsilateral lung, yielded 100% recognition of Lt OLI with a sensitivity of 100% and 92% recognition of Rt OLI with a sensitivity of 90%. These results correspond to those reported by Sugiyama and Yokoyama (7) who studied auscultation sounds during Rt endobronchial intubation and assumed that gas passing through the Murphy's eye or through a narrow space between the endotracheal tube and the bronchial wall during selective endobronchial intubation might generate contralateral sound signals. In our study we used a double-lumen tube with inflated balloons so that a significant amount of air leak would not account for our findings.
Careful analysis of the sound samples collected in this study shows that each chest microphone actually sampled sounds from both lungs, but with differential ipsilateral and contralateral contributions. Moreover, we found that each lung does not produce a uniform sound, but a series of various sounds at different times during each respiration. This brings us to the conclusion that this simple algorithm, which assumes that each microphone represents its ipsilateral lung, does not adequately reflect this multiple input, multiple output system. This is probably why repeated trials to monitor lung ventilation by auscultation to breath sounds, with a stethoscope or a set of microphones, failed to detect OLI. Altering this algorithm by narrowing the ratio margins may raise the sensitivity for Rt and Lt OLI; however, it may decrease the specificity and false alarms will appear. A more comprehensive multisensor approach using a proper processing algorithm, which considers the transmission of sound from each lung to the other, may increase the accuracy of tube positioning detection during artificial ventilation. The values in the numerator are the correctly recognized cases and those in the denominator are the number of trials for this specific condition.
In conclusion, this preliminary study suggests that an acoustic monitoring technique which is noninvasive may be useful for confirmation of the endotracheal tube's position and for early detection of inadvertent OLI. Further studies are now underway to validate this hypothesis, to develop a better algorithm for the separation of lung sounds and to recognize improper ventilation. A new device that may alert the anesthesiologist of ventilation faults before the development of any life threatening symptoms is a goal which can be achieved. 
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